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ABSTRACT 

We present the results of a high-spatial- resolution study of the line emission in a sample of z = 3.1 
Lya-Emitting Galaxies (LAEs) in the Extended Chandra Deep Field-South. Of the eight objects 
with coverage in our _ffS'T/WFPC2 narrow-band imaging, two have clear detections and an additional 
two are barely detected (~ 2 a). The clear detections are within ~ 0.5 kpc of the centroid of the 
corresponding rest-UV continuum source, suggesting that the line-emitting gas and young stars in 
LAEs are spatially coincident. The brightest object exhibits extended emission with a half-light 
radius of ~ 1.5 kpc, but a stack of the remaining LAE surface brightness profiles is consistent with 
the WFPC2 point spread function. This suggests that the Lya emission in these objects originates 
from a compact (< 2 kpc) region and cannot be significantly more extended than the far-UV continuum 
emission (< 1 kpc). Comparing our WFPC2 photometry to previous ground-based measurements of 
their monochromatic fluxes, we find at 95% (99.7%) confidence that we cannot be missing more than 
22% (32%) of the Lya emission. 

Subject headings: cosmology: observations — galaxies: formation — galaxies: high-redshift — galax- 
ies: structure 



1. INTRODUCTION 

Lyman- Alpha-Emitting (LAE) galaxies at z ~ 2 — 4 
are th ought to be actively star-forming (e.g. lCowie fc Hul 
119981) . with low stellar masses (~ 1O 9 M ), high 
mass-specific star-formation rates, and ve ry little dust 
(|Venemans et al.ll2005UGawiser et aTll2007l) . Morpholog- 
ical studies of their rest-frame ultraviolet light using the 
Hubble Space Telescope (HST) reveal small (r e < 1 kpc), 
compact (C > 2.5), galaxies tha t are often c l umpy 
or irregular (f\^nemans et al.l [20051: iPirzkal et al.l l2007t 



Overzier et all l2Q08t iTaniguchi et all 120091: iBond et al.l 
20091: IGronwall et al.N2010f ). 

Although the objects known as Lyman Alpha 
blobs often exhibi t extended diffuse morphologies (e.g. 
Fvnbo et all Il99l INilsson et ail [20061: ISmith fe Jar"vrsl 



2007f ) that could be explained by cold accretion onto 



a dark matter halo (Diikstra, Haiman, & Spaans 2006) 
or AGN/stellar feedback (jGeach et al l I2009D . to date 
there has been no published study of the morphology 
of the line-emitting regions of the lower- mass LAEs. 
In the local universe, HST observations by lOstlin et al.l 
( 2008) reveal that much of the Lya emission of six star- 
forming galaxies originates in a diffuse halo surrounding 
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the galaxy. These "Lya halos" are likely caused by res- 
onant scattering of the Lya line off of cold, diffuse gas 
surrounding the galaxy. If the same process occurs at 
high redshift, then we would expect LAEs to exhibit ex- 
tended Lya emission and, since the majority of LAEs 
are resolved in the rest-UV continuum at HST resolution 
([Bond et al.ll2009t ). the extended Lya halos should be de- 
tectab le. In a study of LAEs at z = 2.25, INilsson et al.l 
(2009) report that the majority of their sample are "sig- 
nificantly more extended than point sources" in narrow- 
band images with 1" seeing. If true, this would suggest 
an order-of-magnitude difference between the extent of 
the UV continuum emission and the line emission. 

The Multiwavelength Survey by Yale-Chile (MUSYC, 
iGawiser et all l2006al is a broad-based collaboration ded- 
icated to obtaining multiwavelength imaging and spec- 
troscopy of 1.2 degree 2 of sky and includes cover- 
age of the Great Observatories Origins Deep Survey 
South (GOODS-S) region within the Extended Chan- 
dra Deep Field-Sou t h (EC DF-S). As part of this sur- 
vey, IGronwall et al.l (|2007l ) discovered an unbiased sam- 
ple of 162 LAEs at z = 3.1 using broadband and 4990 A 
narrow-band imaging. In a previous paper, we presented 
an analysis of the rest-frame ultraviolet light of 97 of 
these LAEs ([Bond et al.l 120091 ) and found that the ma- 
jority were sma l l (5, 1 kpc), single-component objects. 
IGronwall et al.1 (|2010D extend this analysis to higher- 
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order morphological diagnostics, finding that LAEs pos- 
sess a wide range of Sersic indices and ellipticities, with 
(e) ~ 0.5. 

In this paper, we present the results of a high-spatial- 
resolution stud^_oJ^_thehneemission in 8 LAEs drawn 
from the iGronwall et al.1 ((2007) sample. Throughout 
we will assume a concordance cosmology with H = 
71 km s" 1 Mpc" 1 , O m = 0.27, and fl A = 0.73 
(jSpergel et al.ll2007t) . With these values, 1" = 7.75 phys- 
ical kpc at z = 3.1. 

2. DATA 

Minor modifications to the IGronwall et al.1 (j2007l ) sam- 
ple were published in iBond et al.l ()2009f ). In both of 
these studies, LAEs were selected to have F > 1.5 x 
10 _ ergs cm" 2 s" 1 in a 4990A narrow-band filter, 
and an observed-frame Lya equivalent width > 80 A. 
As shown in F i gure CD the filter used to create the 
IGronwall et al.l ( 20071 ) sample only overlaps with the 
HST narrow- band filter over a ~ 20 A wavelength range, 
so our two HST/WFPC2 pointings targeted LAEs with 
Lya lines identified spectroscopically within this region 
(which corresponds to 3.11 < z < 3.13, see Table [1]). The 
fields were observed as program GO-11177 (PI: C. Gron- 
wall) on July 28-30 and August 13-14 2008. Each was ob- 
served with twelve exposures of 2600 s each through the 
F502N filter applying a standard four-point dither pat- 
tern. Once the data were taken, we generated stacked 
images and weight images from our pipeline-reduced 
exposures using the MultiDrizzle task within PyRAF. 
We found that the parameters PIXFRAC= 0.8 and 
PIXSCALE= 0.05" optimized a combination of image 
quality and cosmic-ray rejection efficiency. Other input 
paramet ers to MultiDrizzle were set to their standard va l- 
ues (see iFruchter fc Hookj2051lFruchter fc Sosevl[2CJ09T) . 

The two fiST/WFPC2 pointings lie within the south- 
ern GOODS field, which covers ~ 160 arcmin 2 of sky and 
includes HST/ ACS obs ervations in t he -B435, VI306, ^775, 
and 2850 filters. In IBond et al.l ([2009D . the V606 _ band im- 
ages were used to identify the rest-frame ultraviolet cen- 
troids and sizes of each LAE component, so we use these 
measurements for comparison to the emission-line cen- 
troids and morphologies measured with ffi>T/WFPC2. 
All GOODS broadband images were multidrizzled to a 
pixel scale of 0'.'03 pixel -1 and the typical 5cr detection 
limit in V<306 is toab = 28.8. 

In order to make a robust comparison between the cen- 
troids of the rest-frame ultraviolet continuum emission 
and the Lya emission, we must ensure that the world co- 
ordinate system of the 7/ST/WFPC2 images is matched 
to that of the GOODS V(306-band images. Using a sam- 
ple of five stars in field 1, we estimate A«o = +0'/19 and 
AS a = +0718. For field 2, we found Aa = -0715 and 
A5q = —0711. Each of these corrections is uncertain by 
~ 0703 and individual stars were found to deviate by as 
much as 0705 in a single direction. 

A single photometric calibration was performed for 
both WFPC2 images using a sample of three bright stars 
with well-behaved curves-of-growth. We performed 1"- 
aperture photometry on each star and calibrated their 
m agnitudes to the MUS YC NB4990 image of the ECDF- 
S ()Gawiser et a l. 2006b). Using the mean calibration to 
these stars, we found an AB zeropoint of tuab = 19.87 
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Fig. 1. — Filter transmission curves for the CTIO NB4990 filter 
(c6014, dotted curve) and the HST/WFPC2 F502N filter (solid 
curve). The vertical solid lines at the bottom of the plot indicate 
the wavelengths of the Lya lines in each of the spcctroscopically- 
confirmed LAEs (see TableQJ Note that LAE 16 and LAE 117 have 
the same redshift (to the quoted precision) and are therefore only 
visible as one line on the plot. 

and a scatter of 0.05 mag. 



3. METHODOLOGY 



We extracted 



pixel (62 x 62 kpc) cutouts from 



the HST/WFPC2 images (see the left panels of Figure©, 
each centered at the GOODS V606-band centroid of the 
LAE. Of the eight objects with coverage, two (LAEs 11 
and 16) have clear detections near the cutout centers. 
There is evidence for a possible detection in LAE 107, but 
it lies near the edge of a WFPC2 pointing and vignetting 
makes this difficult to verify. We exclude this LAE from 
subsequent a nalysis due t o poor data quality. 

Following IBond et al.1 (|2009h . we used SExtractor 
(jBertin fc Arno uts 1996) to identify components within 
the WFPC2 images, fitting a constant sky to the cutout 
and defining detections as fifteen contiguous pixels above 
a 1.65cr threshold. This procedure confirmed single de- 
tections in LAEs 11 and 16, but no others within 0.5" of 
the V(306-band LAE centroids. 

We used the IRAF routine PHOT to perform aper- 
ture photometry on each object in our sample, in each 
case using the minimum aperture that enclosed the to- 
tal emission line flux seen within 075. The mean aper- 
ture size used for the sample was 0734. For the two 
LAEs with clear detections, the aperture center was set 
to their SExtractor position, while the centers for the re- 
maining LAEs w ere set to their V606-band centroids (see 
IBond et al.ll2009l and the right panels of Figure [2]) . Fol- 
lowing IGronwall et all (|2007ri . we obtain monochromatic 
fluxes, 



F Lya = 3.63 x 10" 



in -mW2.s c fT(X)dX 

A 2 (T LyQ ) ' W 



where Fi, ya is in erg cm -2 s _1 , T(X) is the filter trans- 
mission function, and (T^ yQ ) is the mean value of the 
transmi ssion function when convolved with the Lya line 
profile (|Jacobv et al.l Il987h . When computing (TL ya ), 
we have approximated the Lya line as a Gaussian with 
FWHM — 500 km s _1 and centered at its spectroscopic 
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Fig. 2.— LAE cutouts extracted from the WFPC2 F502N (left) 
and GOODS V-band (right) image for the four brightest LAEs. 
All cutouts are 4" (31 kpc) on a side and centered at the V- 
band centroid. The p anels are marked with their indices in the 
IGronwall et al.l 1)20071 ) catalog. Note that the indexing scheme 
places the LAEs in order of decreasing narrow-band flux as de- 
termined from the MUSYC ground-based images. 

rcdshift. The resulting monochromatic fluxes are given 
in column 5 of TableHJ As expected, LAEs 11 and 16 are 
> 2 CT-dctected using PHOT. LAEs 90 and 94 also prove to 
be > 2 a detections. In all LAEs, the rest-UV continuum 
will make a small contribution to the total narrow-band 
flux, but its impact on the observed morphology is neg- 
ligible. Of the LAEs with PHOT detections, the object 
with the largest relative continuum contribution (LAE 
11) has an expected flux that is 7.5 times smaller than 
the measured narrow-band flux. 

We also report the half-light radius of each source, in- 
terpolated individually from the curves-of-growth. For 
the LAEs without SExtractor detections, these half-light 
radii will be biased high due to uncertainty in the source 
centers (see iBond et ai~ll2009D . 

4. RESULTS 

The offsets between the emission-line and rest-UV- 
continuum centroids of the two LAEs with SExtractor 
detections are given in column 6 of Table [1] In LAE 1 1 , 
the emission-line centroid is clearly offest from the rest- 
UV centroid (~ IOct), but is 0'.'04 from the position of 
the northwest component in the V-band image (see Fig- 
ure [5]), suggesting that this component is the host for the 
Lya emission. The measured Lya centroid of LAE16 is 
offset from the rest-UV centroid by 0'/06, consistent with 
the expected uncertainties in the astrometric correction 
and source centroiding (see § [2J . 

We also computed surface brightness profiles for sets 
of objects in the F502N images. To do this, we first 
performed photometry on individual objects within a se- 
ries of apertures, increasing in increments of 0.75 pixels 
(0'.'0375). The resulting curves-of-growth were each nor- 
malized to their total flux and averaged, weighting by 
the inverse variance in each bin. The final stacked sur- 
face brightness profiles were computed from this stacked 
curve-of-growth. 

The results of this procedure are plotted in Figure [3l 



which shows the normalized F502N surface brightness 
profiles for LAE 11, L AE 16, a stack of five stars in the 
lAltmann et al.l (|2006l ) catalog, and a stack of all LAEs 
in the sample except for LAE 11, LAE 16, and LAE 107. 
In addition, we generated a series of two-dimensional 
Gaussian models for each source, normalizing each model 
to its total flux. In Figure [31 we overplot models with 
a = 0'.'2 and 0'.'4 (neither convolved with the PSF). The 
stack of the LAE surface brightness profiles is consistent 
with that of stars and is marginally consistent with the 
a = 0'.'2 model. The surface brightness profile of LAE 16 
is consistent with that of stars and does not fit a model 
that is much more extended than the a ~ 0'.'12 PSF. The 
a = 0'.'4 model is a poor fit to all of the plotted surface 
brightness profiles. This suggests that the line-emitting 
region in the majority of LAEs is compact (< 2 kpc) and 
cannot be significantly more extended than the far-UV 
continuum emission (< 1 kpc). 

The exception is L AE 1 1 , which exhibits extended line 
emission out to ~ 0'.'2 (~ 1.5 kpc) from the source center. 
Although the V-band (UV-continuum) image suggests 
the presence of at least two components in the system, 
the line emission is centered on the northwest component 
and their separation is too great (~ 0'.'7) for the second 
object to be the dominant source of the extended emis- 
sion. The narrow-band image also shows evidence for 
two distinct clumps of emission, but at a much smaller 
separation (~ 0'.'15). This could indicate the presence 
of multiple star-forming regions, a dust lane, or perhaps 
Lya photons from a single star-forming region scattering 
from multiple clumps of gas. Even considering this sub- 
structure, however, the line-emitting region is still com- 
pact (< 1.5 kpc) and should be indistinguishable from a 
point source in ground-based imaging. 

Analysis of the surface brightness profiles can miss an 
extended diffuse component if the mean surface bright- 
ness is below the sky noise. To explore this possibility, 
we compare the monochromatic fluxes of our LAEs as 
measured in t he WFPC2 frames to t hose measured from 
the ground by IGronwall et al.l ([20071 . see column 6 of Ta- 
ble [TJ. In all cases, the fluxes measured from space are 
within 1.5cr of those measured from the ground. We 
cannot rule out the presence of extended emission in the 
individual undetected LAEs in our sample, but we find 
that a model in which we are missing > 22% (32%) of the 
line emission within 0'.'5 of each LAE is ruled at > 95% 
(99.7%) confidence. 

5. DISCUSSION 

The results presented in §2] suggest that the Lya emis- 
sion in the majority of LAEs originates from a small 
(< 2 kpc) region that coincides very closely (within 
~ 0.5 kpc) with the young stars producing the rest-frame 
UV continuum emission. One object in our sample (LAE 
11) exhibits extended line emission out to ~ 1.5 kpc, but 
this is still compar able in extent to the rest-UV contin- 
uum (r e ~ 1.3 kpc. IBond et~aLll2009h . 

Unlike the LAEs in our sample, low-redshift star- 
forming galaxies ty pically exhibit extended Lya halos 
(|Ostlin et al.l [2001 out to many half-light radii from 
the rest-frame UV emission. These galaxies are not di- 
rect analogs of the objects in our sample, as both their 
Lya luminosities and specific star formation rates are far 
smaller than those of the typical LAE. However, their 
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Fig. 3. — Normalized F502N surface brightness profiles for LAE 
11 (short dashed curve), LAE 16 (dot-dashed curve), a stack of the 
other five LAEs (solid curve), and five stars in the WFPC2 images 
(dotted curve). In addition, we plot the surface brightness profiles 
for Gaussian models with a = 0'.'2 (1.5 kpc) and a = 0''4 (3 kpc) 
as thin solid lines. Each curve is normalized to the total light from 
the source. 

Lya halos suggest the presence of a reservoir of gas at 
large radii that is either not present in z = 3.1 LAEs 
or is only scattering a small fraction of the Lya photons 
created by star formation. 

Although this paper represents the first published 
search for extended Lya emission in LAEs using HST 



imaging. iNilsson et all (|2009D report that z = 2.25 LAEs 
are "significantly more extended than point sources" in 
narrow-band images with 1" seeing. There may be a 
modest amount of size evolution in LAEs between z = 3.1 
and z = 2.25, but their result would seem to contra- 
dict our finding that even the most extended LAEs have 
emission-line half-light radii < 0.2". It is possible that 
we have failed to account for a component of highly dif- 
fuse line emission extending to large radii, but we find it 
must be < 22% of the total line emission in the present 
sample. 

It is important that we continue to explore the 
wavelength-dependence of high-redshift galaxy mor- 
phologies, as different regions of the spectrum probe dif- 
ferent physical components of the host galaxy. The sam- 
ple presented here could certainly be improved, both with 
greater sky coverage and deeper observations. It would 
also be interesting to target a sample of Lya-emitting 
Lyman Break Galaxies to determine how the spatial dis- 
tribution of their Lya emission differs from that of a 
typical LAE, if at all. 
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TABLE 1 

LAE Photometric Properties in Narrow-Band WFPC2 Images 



ID a 




S b 


z 


log F\, ya 


log F^l 

° -Lye* 


d c c 


r PHOT d 










(erg/s/cm 2 ) 


(erg/s/cm 2 ) 


(") 


E (") 


11 


3:32:26.922 


-27:41:28.174 


3.113 


-16.03 ±0.12 


-16.11 ±0.02 


0.51 


0.17 


16 


3:32:13.274 


-27:43:29.933 


3.117 


-16.28 ±0.14 


-16.22 ±0.03 


0.06 


0.14 


44 


3:32:15.783 


-27:44:10.228 


3.119 


-17.32 ± 1.52 


-16.43 ±0.04 




0.22 


90 


3:32:14.560 


-27:45:52.634 


3.118 


-16.34 ±0.22 


-16.64 ±0.05 




0.24 


94 


3:32:09.321 


-27:43:54.427 


3.113 


-16.41 ±0.29 


-16.65 ±0.05 




0.29 


107 


3:32:10.143 


-27:44:28.558 






-16.68 ±0.06 






117 


3:32:12.936 


-27:44:51.590 


3.117 


-16.58 ±0.35 


-16.70 ±0.06 




0.18 


136 


3:32:24.315 


-27:41:52.125 


3.111 


-17.13 ± 1.54 


-16.76 ±0.07 




0.24 



a Index from table 2 of Gronwall et al. 2007 

b Position of WFPC2 narrow-band centroid (set to the V-band centroid when there arc no SExtractor 
detections) 

c Distance between WFPC2 and ACS V-band centroids, LAE 11 is 0"04 from the position of the 
northwest component in the V-band image 
d Half-light radius computed by PHOT 



